Background: To investigate whether macular structure could be affected by axial elongation and to determine the association between macular intraretinal thickness and the microstructure of β-zone parapapillary atrophy (PPA) in myopic eyes. Methods: The study recruited 113 healthy myopic subjects (113 eyes). Images of the macula, subfoveal choroid, and optic nerve head were acquired using spectral-domain optical coherence tomography (SD-OCT). An automatic segmentation algorithm was used to segment the macular images into 7 intraretinal layers. PPA widths with and without Bruch's membrane (PPA +BM and PPA -BM , respectively) were evaluated. Linear regression analysis was performed to evaluate the association between macular intraretinal thickness and axial length and the microstructure of PPA. Results: An increase in axial length was associated with a decrease in whole macular thickness of the peripheral region and an increase in whole macular thickness of the central region. Thickness alterations of the macular intraretinal layers were most apparent in the peripheral region. A significant correlation was found between PPA -BM width and macular intraretinal layer thickness, whereas no significant correlation was found between PPA +BM width and macular intraretinal layer thickness. Moreover, both PPA +BM and PPA -BM widths significantly correlated with subfoveal choroidal thickness. Conclusions: Macular intraretinal layer thickness may be affected by PPA -BM width. These findings indicate that the microstructure of PPA should be considered when evaluating the macula in patient with myopia and glaucoma.
Background
Parapapillary atrophy (PPA) is common in myopic and glaucomatous eyes, which is classified into the peripheral α-zone and central β-zone on fundus photography. The α-zone is an irregular pigmentation of the retinal pigment epithelium (RPE), while the β-zone is considered atrophy of the choroid and RPE. On the basis of the location of Bruch's membrane (BM) termination, β-zone PPA can be classified into β-parapapillary atrophy with and without BM (PPA +BM and PPA -BM ). The region with BM but without the RPE is PPA +BM , and the region with neither the RPE nor BM is PPA -BM (or in other words γzone PPA) [1] . Several clinic-based studies have shown that PPA +BM was mostly associated with glaucoma, older age, and myopia. However, PPA -BM was associated with a longer axial length but not with glaucoma [2] [3] [4] [5] . A previous study showed that optic nerve head (ONH) tilt was associated with PPA +BM and PPA -BM widths, which suggested that the microstructure of PPA might reflect the myopic remodeling of the ONH [6] . However, PPA's formation and significance are not fully understood.
Myopia is a very common ocular disorder worldwide. In addition to the elongation of axial length, myopic eyes exhibit a series of pathophysiological changes, including thinning of the retina, choroid, and sclera [7] [8] [9] [10] [11] [12] [13] . With the progression of myopia, the potential risks of visual impairment become significantly higher and include retinal detachment, posterior staphyloma, cataract, choroidal neovascularization, and macular hole [14, 15] . Several cross-sectional studies have suggested that myopic eyes were more susceptible to glaucoma than normal eyes [16, 17] . Therefore, understanding the mechanism of myopia and its underlying effect on the retina will be useful for the earlier diagnosis of myopiarelated diseases.
Spectral-domain optical coherence tomography (SD-OCT) provides high-resolution images and enables the visualization of detailed morphological changes in each macular intraretinal layer and ONH [18] . In macula, evaluation of each intraretinal layer can give us the valuable information for the diagnosis and monitoring of several eye diseases including macular edema, glaucoma, and optic neuropathy and also the prediction of its variability is helpful for managing retinal diseases [19] [20] [21] . Of note, previous studies have reported that macular evaluation can be a valuable clinical parameter in managing patients with early to advanced glaucoma [22] [23] [24] [25] . Jung et al. [22] reported that the evaluation of macular ganglion cell-inner plexiform layer (mGCIPL) thickness showed the similar diagnostic power to that of parapapillary retinal nerve fiber layer (pRNFL) thicknesses in patient with normal tension glaucoma or primary open angle glaucoma. Sung et al. [25] showed that the assessment of macular thickness was useful parameter for detection of progression in patients with advanced glaucoma.
Previous studies have investigated the association between the age or several ocular parameters and thickness of macular intraretinal layers [9, [26] [27] [28] . However, these studies yielded conflicting results. In this study, we hypothesized that the changes in the ONH might be associated with the alterations of the posterior pole. Since the development of β-zone PPA (especially PPA -BM ) in myopic eyes is known to be associated with the mechanical stretching of eyeball during axial elongation, we thought that there might be some associations between the β-zone PPA and macular thickness in myopic eyes. Given the clinical significance of β-zone PPA and the importance of macular evaluation in myopic glaucoma, investigating the relationships between PPA and macular layer might be important. The purpose of this study was to determine whether macular intraretinal thickness was affected by axial elongation and to investigate the association between macular intraretinal thickness and the microstructure of PPA in myopic eyes.
Methods

Subjects
The study subjects were recruited from the Young Myopia Study of Chonnam National University Hospital, which is an ongoing cross-sectional study that commenced in January 2018. The present study was conducted according to the tenets of the Declaration of Helsinki and was approved by the Institutional Review Board of Chonnam National University Hospital. All patients provided written informed consent prior to enrollment in the study.
The Young Myopia Study enrolled consecutive participants who visited the general eye clinic for medical checkups and met all the inclusion criteria and none of the exclusion criteria. Ocular examinations included measurements of best-corrected visual acuity (BCVA), intraocular pressure (IOP) using Goldmann applanation tonometry, autorefractometry, slit-lamp examination, and anterior chamber angle examination using gonioscopy. Central corneal thickness, keratometry, and axial length were measured using optical low-coherence reflectometry (Lenstar; Haag-Streit AG, Koeniz, Switzerland); ONH and pRNFL examinations were performed using color stereoscopic disc photography and red-free RNFL fundus photography; and visual field testing was performed using the Swedish Interactive Threshold Algorithm standard 30-2 perimetry with a Humphrey Field Analyzer (Carl Zeiss Meditec Inc., Dublin, CA, USA).
The inclusion criteria used in this study were as follows: ophthalmologically healthy subjects aged between 20 and 35 years old, spherical equivalent (SE) between − 12.0 and − 0.5 diopters, astigmatism within ±2 diopters, BCVA of 20/25 or better, IOP ≤ 21 mmHg, normal ONHs on stereoscopic photographs (without a narrowed neuroretinal rim, abnormal tilt of the ONH, parapapillary hemorrhage, or paleness), and the absence of any pRNFL abnormalities on red-free fundus photographs. Patients with visual field defects, a history of intraocular surgery, glaucoma, neurologic diseases, refractive surgery, other systemic diseases that affected ocular media opacities, or low-quality OCT images were excluded.
Spectral-domain optical coherence tomography
All subjects underwent traditional OCT imaging using SD-OCT (Heidelberg Spectralis SD-OCT; Spectralis software version 6.9.4; Heidelberg Engineering GmbH, Heidelberg, Germany). One skilled operator performed all OCT scans. To avoid the diurnal variation of retinal thickness with SD-OCT, all subjects had retinal thickness measured at 10-12 AM. Ocular magnification effect was corrected using the formula provided by the manufacturer on the basis of the results of corneal radius, axial length, and focus setting during image acquisition.
OCT images with insufficient quality (typically truncated B-scans and quality score < 30) were excluded.
The macular cube volumetric scans with 49 raster lines, 20 × 20°, interscan distance of 120 μm between the 49 B-scans and centered on the fovea were acquired after mydriasis. The built-in software for automated segmentation of the intraretinal layers was applied, followed by manual inspection for obvious segmentation errors. The automatic segmentation algorithm divided the macular region into 9 sectors ( Fig. 1 ) and 7 layers (Fig. 2) , and they were named according to the guidelines of the Early Treatment Diabetic Retinopathy Study [29] and the International Nomenclature for Optical Coherence Tomography Panel [30] . For analysis, the macular region was divided into 3 concentric circles. The central region was a circle with a 1-mm diameter centered on the fovea. The pericentral region around the central region had a 3-mm diameter centered on the fovea. The peripheral region around the pericentral and central regions had a 6-mm diameter centered on the fovea. The 7 intraretinal layers included the RNFL, ganglion cell layer (GCL), inner plexiform layer (IPL), inner nuclear layer (INL), outer plexiform layer (OPL), outer nuclear layer (ONL), and RPE. The algorithm set the distance between the internal limiting membrane (ILM) and the middle of the RPE as the full retinal layer thickness.
Optic nerve head measurements
The Heidelberg Spectralis OCT enhanced depth imaging (EDI) mode was used for the other ONH measurements.
The ONH was scanned by centering a 15°× 10°rectangular scan on the ONH. Each OCT volume consisted of 49 serial horizontal B-scans (4.5-mm-long lines; 50 images averaged) spaced at approximately 63-μm intervals. Infrared (IR) fundus images were acquired simultaneously by using a confocal scanning laser ophthalmoscope. Three sections that passed through the ONH in the horizontal scans and upper and lower scans were selected, and all the study parameters were measured in each of these frames by 2 independent examiners (M.S.S and H.P), in a masked fashion.
Temporal β-zone PPA margin, Bruch's membrane opening (BMO), and disc margin were determined using IR fundus images. Temporal β-zone PPA margin and γzone PPA margin were also evaluated using IR fundus images. According to the location of BM termination, PPA was further divided into PPA +BM and PPA -BM ; PPA +BM width was defined as the distance from the beginning of the RPE to BMO, and PPA -BM width was defined as the distance from the temporal disc margin to the beginning of BM. The measurement was performed using a previously described method [31, 32] .
Subfoveal choroidal thickness measurements
Subfoveal choroidal thickness was measured using the EDI technique with a 12-mm-length scan running through the fovea. The vertical distance from the hyperscattering outer border of the RPE to the inner border of the sclera at the fovea was defined as subfoveal choroidal thickness. Images with a signal strength below 70 or cases wherein the RPE and chorioscleral interface were not clearly identified were excluded from the analysis. The average of data from 2 independent examiners (M.S.S and H.P) were used in this Multiple linear regression analysis was applied to determine the associations of macular thickness of each intraretinal layer with axial length and PPA +BM and PPA -BM widths. Coefficients with 95% confidence intervals were presented. P values were adjusted to control the false discovery rate using the Benjamini-Hochberg procedure [33] . P values < 0.05 were considered statistically significant.
Results
The demographic and ocular characteristics of 113 eyes of 113 patients (74 men and 39 women) are shown in Table 1 . The mean age of the patients was 26.8 ± 3.2 years (range, 20-35 years). The mean axial length and SE were 26.0 ± 1.5 mm (range, 22.8-29.8 mm) and − 5.0 ± 2.9 diopter (range, − 11.25 to − 0.5 diopter), respectively. The mean IOP was 13.6 ± 1.9 mmHg (range, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Of the 113 subjects, 33 are low myopia, 41 are moderate myopia, 39 are high myopia, accounting for 29, 36 and 35% of the total, respectively. Table 2 shows the results of the multiple linear regression analysis of the correlation between whole macular thickness and each intraretinal layer thickness and axial length. In evaluation of whole macular thickness, the central region (P = 0.006, unstandardized regression coefficient B: 3.585) increased with axial elongation. However, the peripheral region (P < 0.001, B: − 3.313) decreased with axial elongation.
In the central region, OPL was positively correlated with axial length (P < 0.001, B: 1.474). In the peripheral region, all intraretinal layer thicknesses were negatively correlated with axial length (P < 0.001, B: -1.051; P < 0.001, B: -0.771; P < 0.001, B: -0.489; P = 0.036, B: -0.263; P = 0.023, B: − 0.903; and P < 0.001, B: − 3.313 for GCL, IPL, INL, OPL, ONL, and whole macular thicknesses, respectively), except for RNFL thickness (P = 0.023, B: 0.533). In addition, subfoveal choroidal thickness (P < 0.001, B: − 29.116) significantly decreased with axial elongation. Among the 3 macular regions, the peripheral region was the most affected by axial elongation. Table 3 shows the relationships between whole macular thickness and each intraretinal layer thickness and the microstructure of PPA, which were analyzed using multiple linear regression analysis. No significant correlation was found between PPA +BM width and whole macular thickness and each intraretinal layer thickness. In contrast, PPA-BM width had correlations with macular thicknesses. In the peripheral region, OPL, ONL, and whole macular thicknesses were negatively correlated Figure 3 shows the association between intraretinal layer thickness (of the OPL and ONL in the peripheral region) and PPA -BM width.
Discussion
In this study, we evaluated the association of each macular layer thickness with axial length and the microstructure of PPA in myopic eyes. We found that central macular thickness positively correlated with axial length, whereas peripheral macular thickness and subfoveal choroidal thickness were negatively associated with axial length. Our study also revealed that PPA +BM width had no association with any macular layer thickness. However, PPA -BM width had correlations with many macular layer thicknesses. Moreover, both PPA +BM and PPA -BM widths were negatively correlated with subfoveal choroidal thickness. To our knowledge, this is the first study demonstrating the association between macular thickness and the microstructure of PPA in myopic eyes. In terms of regional changes, our study showed that macular thickness increased in the central region, but was stable in the pericentral region and decreased in the peripheral region with a more obvious change in the longer eye. This finding is in accordance with those of previous studies [8, [34] [35] [36] . The thickening of the central region might be due to the elongation of the eyeball, which was, in turn, caused by mechanical traction of the sclera. In such a condition, the extension of the sclera drives retinal thinning. Meanwhile, the tendency of the ILM to remain flat and the centripetal force of the posterior vitreous lead to the thickening of the central region [37] .
In our study, the thickening of the central region was mainly attributed to the increase in OPL thickness, which was formed by dendrites [30] . Our result was consistent with that of a recent SD-OCT study on retinal thickness [38] . We speculate that the OPL comprises thousands of dendrites, and is more elastic than the ONL. As the axial length increases, the elevation of the central macular region would result in OPL deformation. However, some studies have reported different results about the correlations between macular thickness and axial length. The different study design and inclusion criteria might explain these conflicting results. For instance, in the study of Wakitani et al. [39] OCT scans were centered on the fovea with a scan length of 3 mm, while the scan length was 6 mm in our study. High myopia was excluded from the study by Ooto et al. [27] , and hyperopia was included in the study by Song et al. [40] , while high myopia was included and hyperopia was excluded in our study. It is possible that the changes in retinal thickness in low-to-moderate myopia may be not enough to induce a morphological alteration.
In the peripheral region, the correlation between macular thickness and axial length was strong. All intraretinal layer thicknesses were correlated with axial length, and the thinning of the peripheral region was mainly because of the thinning of the GCL, IPL, and INL. This tendency was reported by Harb et al. [41] , who stated that macular thinning in myopic eyes was more obvious in the peripheral region than in the other 2 regions.
In this study, RNFL thickness had a positive correlation with axial length in the pericentral and peripheral regions. Similar results had been described by Kim et al. [42] They proposed that with the expansion of the posterior pole, the retina could be pulled toward the temporal side, and in the RNFL, the compressed fiber bundles from the hemisphere on either side would be dragged to the horizontal raphe.
In terms of β-zone PPA, PPA +BM has been reported to be associated with older age or myopia [3] [4] [5] . But previous investigations have also revealed that PPA +BM was more significantly correlated with glaucoma [1, 2, 4, 43] . Teng et al. [44] described that high IOP in patients with glaucoma may cause obstruction of the parapapillary choriocapillaris and, in turn, may lead to the degeneration of the RPE and adjacent cells. Similarly, Sullivan-Mee et al. [45] reported a significant correlation between juxtapapillary choroidal volume and PPA +BM . The loss of RPE in the PPA +BM could be caused by disturbance of blood supply due to a thinned choroid, suggesting that PPA +BM may be associated with vascular compromise.
Conversely, PPA-BM has been known to be mainly associated with axial elongation. Recent studies showed that an increase in axial length could lead to remodeling of the parapapillary region, and the backward pull via the optic nerve may act on the posterior sclera, leading to the formation and development of PPA -BM [3, 46, 47] . Lee et al. [48] reported that the development of PPA -BM reflected scleral overgrowth when compared with the inner retinal structures in the growing eye. Hence, PPA -BM is strongly correlated with axial length, and this might account for the association between PPA -BM and myopia. Chui et al. [49] proved that retinal extension may not mirror scleral growth when measuring 2 parameters of the posterior pole, and the retina could slide to the temporal side during eye growth. Collectively, we suggest that PPA +BM is primarily involved in localized impairment of parapapillary choriocapillaris circulation and that PPA -BM mainly reflects the broad posterior pole change caused by optic nerve traction due to axial elongation.
Multiple linear regression analysis revealed that PPA +BM width had no association with macular layer thickness. However, the relationship between PPA -BM width and macular layer thickness was obvious. In addition, some macular intraretinal layer thicknesses had a stronger correlation with PPA -BM width than with axial length. This result led us to presume that as a monitoring marker, PPA -BM might reflect changes of macular microstructure. Many studies had shown that the macular thickness reduced in glaucoma patient. Assessment of macular thickness can give us the valuable information for the diagnosis and management of glaucoma. However, our study implied that some intraretinal layers and whole macula can be thinner in myopia with large PPA -BM width who was nonglaucoma patient. Therefore, PPA -BM should be considered when evaluating macula in myopia and glaucoma patient.
The choroids can be thinner as the axial length increases [10, 11] . In our study, subfoveal choroidal thickness was significantly correlated with both PPA +BM and PPA -BM widths. Interestingly, PPA-BM width was correlated with both subfoveal choroidal thickness and macular thickness. Nevertheless, PPA +BM width was correlated with subfoveal choroidal thickness, but not with macular thickness. The development of PPA-BM reflects that axial elongation and broad posterior pole changes may be involved in the sclera, choroid, and retina. Hence, PPA-BM is associated with both subfoveal choroidal thickness and macular thickness. As mentioned above, PPA +BM could be associated with disturbance of blood supply due to a thinned choroid, not with retina. That might explain why PPA +BM was correlated with choroid, but not with macula.
Our study has several limitations. First, we could not account for optic disc tilt, which may be an important measurement indicator of the ONH. Previous studies have shown that optic disc tilt is correlated with the perfusion of the foveal zone [50] and RNFL thickness [51] . A more important association between optic disc tilt and macular thickness may exist. Second, observing the changes of the equatorial retina in detail was difficult, but knowledge about this could let us further understand the progression trend of myopia. Finally, we did not measure the lamina cribrosa and sclera. For understanding the underlying mechanism of myopia, future studies should assess the lamina cribrosa and sclera in myopic eyes.
Conclusions
In conclusion, our study showed that macular intraretinal layer thicknesses have significant associations with axial length and PPA-BM width. With an increase in axial length, whole macular thickness in the peripheral region decreased, while whole macular thickness in the central region increased. PPA-BM width was correlated with several macular intraretinal layer thicknesses; however, no correlation was observed between PPA +BM width and macular intraretinal layer thickness. Given the clinical significance of macular evaluation in managing glaucoma, the microstructure of PPA, especially PPA-BM , should be considered when evaluating the macula in patient with myopia and glaucoma. 
